Introduction
============

Gliomas are the most common type of intracranial tumors, accounting for approximately 40% of intracranial tumors.[@b1-ott-8-303] Gliomas have a high recurrence rate, a high mortality rate, and a low cure rate. The prognosis of patients with glioma is closely related to the World Health Organization (WHO) tumor grade, and patients with glioblastoma, the most common histological type, have a poor prognosis. In spite of significant improvements in neurosurgery, radiotherapy and chemotherapy, the median survival time of high-grade glioma patients has remained at 12--15 months over the past decade, and the cumulative 1 year survival rate remains lower than 30%.[@b2-ott-8-303] The discovery of more effective agents to treat glioma is becoming increasingly urgent.

In the last few decades, many traditional Chinese herbs with anti-tumor effects have drawn a great amount of attention due to their efficiency, lack of drug resistance, and low levels of toxicity and side effects.[@b3-ott-8-303] Tubeimoside is the tuber of Bolbostemma paniculatum (Maxim) Franquet (Cucurbitaceae). Because of its extensive antiviral, anti-inflammatory, anti-cancer and immunosuppressive effects, it has long been used as a traditional Chinese medicine.[@b4-ott-8-303] Previous studies have shown that Tubeimoside-1 (TBMS1) exhibits potent anticancer effects in several cancer cell lines. TBMS1 inhibited squamous esophageal carcinoma cell proliferation through mitochondria-induced intrinsic apoptosis and P21-cyclin B1/cdc2 complex-related G2/M cell cycle arrest.[@b5-ott-8-303] TBMS1 induced apoptosis in gastric cancer cells through regulation of the Bcl-2 gene family.[@b6-ott-8-303] TBMS1 induced apoptosis in hepatoma cancer cells through oxidative stress and G2/M cell cycle arrest by regulating the NF-κB, JNK, and p53 pathways.[@b7-ott-8-303],[@b8-ott-8-303] TBMS1 induces G2/M phase arrest and apoptosis in ovarian cancer cells through an increase in intracellular Ca^2+^ levels and caspase-dependent signaling.[@b9-ott-8-303] TBMS1 inhibited human choriocarcinoma cancer cell proliferation by inducing Cytochrome C release and apoptosis via the mitochondrial-related signaling pathway.[@b10-ott-8-303] TBMS1 inhibits proliferation and induces apoptosis by increasing the Bax to Bcl-2 ratio and decreasing COX-2 expression in lung cancer cells.[@b11-ott-8-303] TBMS1 is cytotoxic in cervical carcinoma cells through the mitochondrial dysfunction and endoplasmic reticulum stress pathways.[@b12-ott-8-303],[@b13-ott-8-303] However, the effects of TBMS1 on human glioma cancer cells remain unknown.

In the present study, the effects of TBMS1 on the growth of glioma cancer cells and the cellular mechanism involved in TBMS1-induced apoptosis were investigated in vitro.

Materials and methods
=====================

Materials
---------

TBMS1 was bought from Zelang Medical Technology Co. Ltd (Nanjing, People's Republic of China). The powder was dissolved in Dulbecco's Modified Eagle's Medium (DMEM) to obtain a stock solution of 1,000 μg/mL and stored at −20°C. Trypsin-ethylenediaminetetraacetic acid (EDTA) (1×) (0.25%), fetal bovine serum (FBS) and DMEM were from Thermo Fisher Scientific, Waltham, MA, USA. Penicillin and streptomycin (100×) and polyvinylidene fluoride membranes were from EMD Millipore (Billerica, MA, USA). MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) was bought from Sigma-Aldrich Co. (St Louis, MO, USA). Dimethyl sulfoxide (DMSO) was from MP Biomedicals LLC (Santa Ana, CA, USA). Hoechst 33258 was from the Beyotime Institute of Biotechnology (Haimen, People's Republic of China). Antibodies against Bax, Bcl-2, Cytochrome C, Caspase-3 and β-actin were from Cell Signaling Technology (Beverly, MA, USA). Horseradish peroxidase-conjugated secondary antibody was from Jackson ImmunoResearch Laboratories, Inc. (West Grove, PA, USA). Electrochemiluminescence was from Thermo Fisher Scientific. All other reagents were of the highest available quality.

Cell culture
------------

The human glioma cell lines U251 and U87 were obtained from the Type Culture Collection of the Chinese Academy of Sciences, Shanghai, People's Republic of China. U251 and U87 cells were cultured in Thermo Fisher Scientific's DMEM containing 10% FBS, 100 u/L penicillin and 100 mg/L streptomycin. All cells were maintained at 37°C with 5% CO~2~ in a humidified atmosphere by routine passage every 1--2 days.

MTT measurement of cell viability
---------------------------------

Cell viability was measured by MTT assay. U251 cells in the logarithmic growth phase were digested with trypsin and plated in a 96-well plate with 6×10^3^ cells per well. U87 cells were plated in a 96-well plate with 8×10^3^ cells per well. Cells were incubated for 24 hours to allow adherence and growth. TBMS1 at different concentrations (10, 15, 20, 25, 30, 35, 40, 45, and 50 μg/mL) was incubated with the U251 cells for 24 hours, 48 hours and 72 hours. TBMS1 at different concentrations (10, 20, 30, 40, 50, 60, 70, and 80 μg/mL) was incubated with the U87 cells for 24 hours. MTT solution (20 μL, 5 mg/mL in phosphate buffered saline \[PBS\]) was added to each well, and cells were cultured for 4 hours at 37°C. The medium was removed and 150 μL DMSO was added to dissolve the MTT formazan crystals. After shocking for 10 minutes, the optical density was measured at 490 nm using an Absorbance Microplate Reader (ELx800; BioTek, Winooski, VT, USA).

Hoechst 33258 staining
----------------------

Hoechst 33258 staining was used to observe the changes in nuclei morphology of U251 and U87 cells after TBMS1 treatment. Cells (2×10^5^) in 2 mL media were seeded in each well of a 6-well plate and grown overnight. The cells were treated with TBMS1 at different concentrations (15, 20, and 25 μg/mL for U251 cells and 15, 25, and 35 μg/mL for U87 cells) for 24 hours and then washed with PBS twice. Cells were fixed with 500 μL stationary liquid for 10 minutes. After pouring out the fixing solution, cells were washed with PBS twice and stained with Hoechst 33258 (500 μL) for 10 minutes in the dark. The stained cells were then rinsed twice with PBS and observed under a fluorescence microscope (×400 magnification, IX71; Olympus Corporation, Japan).

Analysis of cell apoptosis
--------------------------

Flow cytometry was used to detect apoptosis. U251 cells were exposed to different concentrations of TBMS1 (15, 20, and 25 μg/mL) for 24 hours and then collected and washed twice with PBS. Then, 1×10^5^ cells from each sample were suspended in a mixture of 185 μL binding buffer, 5 μL of Annexin V, and 10 μL propidium iodide (PI) and incubated on ice for 15 minutes in the dark. Next, binding buffer was added to bring the volume of liquid in each of the test tubes to 500 μL. The cells were immediately analyzed using a BD FACSCanto II flow cytometer (BD Biosciences, San Jose, CA, USA).

Measurement of reactive oxygen species (ROS) generation
-------------------------------------------------------

Cellular ROS production was detected using dichlorofluorescein diacetate (DCFH-DA) staining. U251 cells incubated with TBMS1 for 24 hours were washed twice with DMEM without FBS and incubated with 10 μM DCFH-DA in DMEM without FBS for 20 minutes at 37°C in the dark. Cells were washed three times with DMEM without FBS, harvested, and then analyzed using fluorescein isothiocyanate (FITC) on a BD FACSCanto II Flow cytometer. Data were analyzed with BD FACSDiva 7.0 software.

Mitochondrial isolation
-----------------------

For mitochondria isolation, cells were harvested and then fractionated using a Cytosol/Mitochondria Fractionation Kit (EMD Millipore, Billerica, MA, USA) according to the manufacturer's recommendations. The cytosol extract was then subjected to Western blotting analysis for Cytochrome C.

Western blot analysis
---------------------

After treatment with TBMS1 for 24 hours, cells were harvested and washed three times with PBS. Cells were incubated with lysis buffer on ice for 30 minutes and then centrifuged at 12,000 rpm for 2 minutes at 4°C. The protein extract was detected using a bicinchoninic acid protein assay. After boiling with loading buffer for 5 minutes, protein samples were separated on 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gels, transferred onto polyvinylidene fluoride membranes and blocked with 5% skimmed milk powder for 1 hour. The primary antibodies against Bax (1:1,000), Bcl-2 (1:1,000), Caspase-3 (1:1,000), Cytochrome C (1:2,000), and β-actin (1:1,000) were diluted according to the manufacturer's instructions and incubated with the membrane overnight at 4°C. After washing three times, the horseradish peroxidase-conjugated secondary biotinylated antibodies were added (1:2,000) and incubated with the membranes for 1 hour. After washing three times with PBS, the blots were developed using an electrochemiluminescence Western blotting kit (Thermo Fisher Scientific) according to the manufacturer's instructions. The films were processed using a Medical X-Ray Film Processor (SX435-T; Suxing, People's Republic of China). The optical density of the protein was analyzed using a ChemiDoc XRS Imaging system (Bio-Rad Laboratories Inc., Hercules, CA, USA).

Statistical analysis
--------------------

All assays were repeated at least three independent times. Data are expressed as the mean ± standard deviation. Graph-Pad Prism 5.0 software was used to perform the analyses. The statistical significance of correlations was determined using one-way analysis of variance (ANOVA) and two tailed Student's *t*-test. Statistical significance was defined as *P*\<0.05.

Results
=======

TBMS1 inhibits cell proliferation
---------------------------------

U251 cells were treated with different concentrations of TBMS1 for 24, 48 or 72 hours, and then the survival rates were determined via MTT assay. As shown in [Figure 1](#f1-ott-8-303){ref-type="fig"}, TBMS1 inhibited the proliferation of U251 cells in a concentration- and time-dependent manner. Based on our data and the MTT results, we chose to use concentrations of 15, 20, and 25 μg/mL to investigate the mechanism of TBMS1 induced apoptosis in glioma cells. Furthermore, U87 cells were treated with different concentrations of TBMS1 for 24 hours, and then the survival rates were determined. As shown in [Figure S1](#SD1-ott-8-303){ref-type="supplementary-material"}, TBMS1 inhibited the proliferation of U87 cells in a concentration-dependent manner which was similar to U251. However, the IC~50~ value of U87 cells was slightly higher than that of U251 cells, indicating that U87 cells were more resistant to TBMS1 treatment.

TBMS1 induced cellular apoptosis
--------------------------------

To investigate the apoptosis-inducing effect of TBMS1, U251 cells were treated with various concentrations of TBMS1. After treatment with TBMS1 for 24 hours, the cells were examined via fluorescent microscopy using Hoechst 33258 staining. As shown in [Figure 2A](#f2-ott-8-303){ref-type="fig"}, chromatin condensation, nuclear fragmentation and apoptotic bodies were clearly observed in the treated cells. The results revealed that when exposed to TBMS1, U251 cells underwent the morphological changes typical of apoptosis. The result was similar in U87 cells after TBMS1 treatment, as shown in [Figure S2](#SD2-ott-8-303){ref-type="supplementary-material"}. Cellular apoptosis induced by TBMS1 was then detected via flow cytometry. After exposure to TBMS1 for 24 hours, the apoptosis rates were measured using Annexin V-FITC and PI staining. As shown in [Figure 2B](#f2-ott-8-303){ref-type="fig"}, when the drug concentration increased from 0 μg/mL to 25 μg/mL, the percentages of early apoptotic cells were 2.4, 5.6, 13.2, and 21.6% and the percentages of late apoptotic cells were 5.8, 7.1, 10.5, and 12.5%, respectively. The statistical analysis was shown in [Figure 2C](#f2-ott-8-303){ref-type="fig"}. These results show that treatment with TBMS1 for 24 hours significantly increased the percentage of apoptotic cells in a concentration-dependent manner.

TBMS1 increases ROS generation
------------------------------

U251 cells were treated with 15, 20, and 25 μg/mL TBMS1 for 24 hours and then analyzed using flow cytometry to measure the concentration of intracellular ROS. Compared to the control group, the intracellular level of ROS was much higher in the 15, 20, and 25 μg/mL TBMS1 treatment groups ([Figure 2D](#f2-ott-8-303){ref-type="fig"}). In addition, the levels in the 20 and 25 μg/mL TBMS1 treatment groups were higher than in the 15 μg/mL TBMS1 treatment group. These results were consistent with those observed by fluorescent microscopy.

Effect of TBMS1 on expression levels of the Bcl-2 gene family
-------------------------------------------------------------

The expression of apoptosis-related proteins was evaluated using Western blot analysis. As shown in [Figure 3](#f3-ott-8-303){ref-type="fig"}, with increasing concentrations of TBMS1, expression of Bax was upregulated compared to that in the control group. In contrast, the level of Bcl-2 was significantly downregulated compared to that in the control group, resulting in an obvious increase in the ratio of Bax to Bcl-2. The ratio of Bax to Bcl-2 increased in a concentration-dependent manner.

Effect of TBMS1 on Cytochrome C release and Caspase-3 activation
----------------------------------------------------------------

We extracted total protein from cancer cells incubated with 15, 20, and 25 μg/mL TBMS1 for 24 hours and analyzed the release of intracellular Cytochrome C and activation of Caspase-3 by Western blotting. As shown in [Figure 4](#f4-ott-8-303){ref-type="fig"}, compared with the control group, there was an obvious release of intracellular Cytochrome C and activation of Caspase-3 in the TBMS1 treated groups with a trend of TBMS1 concentration dependence. The result was similar in U87 cells after TBMS1 treatment, as shown in [Figure S3](#SD3-ott-8-303){ref-type="supplementary-material"}.

Discussion
==========

As a popular folk medicine, tubeimoside has a long history of being widely used. TBMS1, an anti-tumor candidate, is an active ingredient of tubeimoside. In this study, we investigated the anti-tumor mechanism of TBMS1 in glioma cells.

In the present study, TBMS1 inhibited glioma cancer cell proliferation in a concentration- and time-dependent manner. Chromosome condensation, nuclear fragmentation and apoptotic bodies were observed by fluorescent microscopy. Flow cytometric analysis revealed that TBMS1 induced glioma cell apoptosis in a concentration-dependent manner. The results from the Western blot analysis showed that the molecular basis of the TBMS1-induced apoptosis in the glioma cells was the downregulation of Bcl-2 protein levels and the upregulation of Bax protein expression. Furthermore, we found that TBMS1 could induce Cytochrome C release and Caspase-3 activation, showing that TBMS1 could also induce the release of apoptotic proteins by the induction of intracellular ROS.

Apoptosis is a common process of multicellular organisms.[@b14-ott-8-303] Defects in apoptosis are directly related to cancer.[@b15-ott-8-303] The Bcl-2 family has been shown to be involved in the regulation of apoptosis through the mitochondrial pathway. Bcl-2 is an anti-apoptotic member of this family, but Bax is a representative of the pro-apoptotic members.[@b16-ott-8-303] The ratio of Bax to Bcl-2 is a decisive factor in the induction of apoptosis and the balance between the expression levels of the proteins Bax and Bcl-2 is critical for cell survival or death. Zhang et al found that TBMS1 promoted apoptosis in BGC823 cells by regulating the expression of Bcl-2 family proteins.[@b6-ott-8-303] Yin et al suggested that TBMS1 altered expression of Bcl-2 family proteins to activate Caspase-3 and induce cell apoptosis in HepG2 cells.[@b7-ott-8-303] Zhang et al reported that TBMS1 increased the ratio of Bax to Bcl-2 in A549 cells to advance apoptosis.[@b11-ott-8-303] Tubeimoside V (1) is a new minor constituent from the ethanol extracts of tubers of Bolbostemma paniculatum (Maxim) Franquet (Cucurbitaceae). Cheng et al found that Tubeimoside V (1) induced apoptosis by decreasing the expression levels of Bcl-2 protein and increasing the expression levels of Bax protein in human glioblastoma U87MG cells.[@b17-ott-8-303] Similarly, the present results showed that the expression of Bax was upregulated by TBMS1, whereas the expression of Bcl-2 was downregulated, leading to an increase in the ratio of Bax to Bcl-2. This demonstrates the involvement of the Bcl-2 gene family in the regulation of TBMS1-induced glioma cell apoptosis.

ROS function as important chemical messengers, playing an essential role in cell homeostasis, growth and proliferation. When the production of ROS is out of control, ROS is capable of triggering apoptosis.[@b18-ott-8-303] The mitochondria play a significant role in the process of apoptosis.[@b19-ott-8-303] It was reported that an increase in ROS has been implicated in the induction of apoptosis through its ability to promote the release of Cytochrome C to facilitate caspase activation.[@b20-ott-8-303] Once released into the cytoplasm, Cytochrome C can bind to Apaf-1 and trigger the formation of an apoptosome, which is capable of recruiting and activating the initiator caspase-9.[@b21-ott-8-303] The caspase-9 effectively activates downstream targets including caspase-3, activating a signaling cascade and leading to apoptosis.[@b22-ott-8-303] Our data showed that TBMS1 treatment stimulated ROS generation in U251 cells, reflecting the participation of an ROS-mediated pathway, which was further demonstrated through the increase in Cytochrome C and the activation of Caspase-3. This implies that apoptosis induced by TBMS1 in the U251 cell line is mediated by the ROS/Cytochrome C/Caspase-3 pathway as well.

Conclusion
==========

The present study demonstrated that TBMS1 inhibited proliferation and promoted apoptosis in U251 glioma cancer cells. This apoptotic response is associated with the regulation of the expression of the Bcl-2 gene family and the mitochondrial pathway of apoptosis by inducing intracellular ROS. These findings indicate that TBMS1 may be developed as a possible therapeutic agent for the management of glioma. It should be noted that this study has only examined the U251 and U87 cell lines in vitro. Further investigations are necessary to study the anti-tumor effect of TBMS1 by using animal models in vivo.

Supplementary materials
=======================

###### 

Effects of TBMS1 on cell viability.

**Notes:** U87 cells were treated with various concentrations of TBMS1 for 24 hours. Data are expressed as a mean ± SD of three independent experiments, \*\**P*\<0.01, \*\*\**P*\<0.001 compared to the control group.

**Abbreviations:** TBMS1, Tubeimoside-1; SD, standard deviation.

###### 

Effect of TBMS1 on U87 cell apoptosis.

**Notes:** Cells were exposed to TBMS1 at the indicated concentrations for 24 hours, then stained with Hoechst 33258. The nuclei were observed using a fluorescence microscope. Arrows indicate chromatin condensation and apoptotic bodies.

**Abbreviation:** TBMS1, Tubeimoside-1.

###### 

Effects of TBMS1 on Cytochrome C release and Caspase-3 activation in U87 cells.

**Notes:** The level of Cytochrome C and Caspase-3 expression were evaluated using Western blot analysis. β-actin was used as an internal reference. The quantitative level is shown in histograms and the mean value for the control was set at one. \*\**P*\<0.01, \*\*\**P*\<0.001 vs the control group.

**Abbreviations:** TBMS1, Tubeimoside-1; vs, versus.
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![Effects of TBMS1 on cell viability.\
**Notes:** U251 cells were treated with various concentrations of TBMS1 for 24, 48, and 72 hours. Data are expressed as a mean ± SD of three independent experiments, \**P*\<0.05, ^\#^*P*\<0.01, ^&^*P*\<0.001 compared to the control group.\
**Abbreviations:** TBMS1, Tubeimoside-1; SD, standard deviation; h, hours.](ott-8-303Fig1){#f1-ott-8-303}

![Effect of TBMS1 on cell apoptosis and ROS generation.\
**Notes:** (**A**) Cells were exposed to TBMS1 at the indicated concentrations for 24 hours, then stained with Hoechst 33258. The nuclei were observed using a fluorescence microscope. (**B**) Cells treated with indicated concentrations of TBMS1 for 24 hours were stained with Annexin V-FITC/PI and analyzed using a flow cytometer. Data are represented as histograms. (**C**) A statistical analysis was performed for apoptosis (\**P*\<0.05 vs the control group; \*\**P*\<0.01 vs the control group; \*\*\**P*\<0.001 vs the control group). (**D**) Intracellular ROS generation stimulated by TBMS1 in U251 cells. After TBMS1 treatment for 24 hours, cells were stained with 10 μM DCFH-DA for 20 minutes at 37°C in the dark. ROS accumulation was measured using flow cytometry.\
**Abbreviations:** TMBS1, Tubeimoside-1; FITC, fluorescein isothiocyanate; PI, propidium iodide; vs, versus; DCFH-DA, dichlorofluorescein diacetate.](ott-8-303Fig2){#f2-ott-8-303}

![Effects of TBMS1 on the expression levels of the Bcl-2 family determined via Western blot analysis.\
**Notes:** U251 cells were exposed to TBMS1 at the indicated concentrations for 24 hours and the negative control group treated with an equal volume of medium containing DMSO. The expression of Bax and Bcl-2 was performed using Western blot analysis. β-actin was used as an internal reference. The results are representative of three individual experiments. The ratio of Bax to Bcl-2 is shown in histograms. \*\**P*\<0.01, \*\*\**P*\<0.001 vs the control group.\
**Abbreviations:** TBMS1, Tubeimoside-1; DMSO, dimethyl sulfoxide; vs, versus.](ott-8-303Fig3){#f3-ott-8-303}

![Effects of TBMS1 on Cytochrome C release and Caspase-3 activation.\
**Notes:** The level of Cytochrome C and Caspase-3 expression was evaluated using Western blot analysis. β-actin was used as an internal reference. The quantitative level is shown in histograms and the mean value for the control was set at one. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001 vs the control group.\
**Abbreviations:** TBMS1, Tubeimoside-1; vs, versus.](ott-8-303Fig4){#f4-ott-8-303}
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